A novel type strain, designated SDB 2975 T (=CECT 9737 T =DSM 105892 T ), of the novel species Staphylococcus debuckii sp.
strains from its closest staphylococcal species. Differentiation was also achieved by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF). Genes unique to Staphylococcus debuckii were identified and a PCRbased assay was developed to differentiate Staphylococcus debuckii from other staphylococcal species. In conclusion, the results of phylogenetic analysis along with the ANI values <95 %, and dDDH values <70 % from closely related species along with the phenotypic and biochemical characteristics and specific MALDI-TOF profiles demonstrated that Staphylococcus debuckii SDB 2975
T represents a novel species within the genus Staphylococcus, named Staphylococcus debuckii sp. nov.
(SDB 2975 T =CECT 9737 T =DSM 105892 T ).
Non-aureus staphylococci (NAS), commonly known as coagulase-negative staphylococci (CNS), are the most frequently isolated organisms from bovine mastitis milk worldwide [1] [2] [3] [4] . NAS belong to the genus Staphylococcus, first described in 1884 [5] , and currently (as of September 2018) consists of 51 species and 28 subspecies (www.bacterio.net/staphylococcus.html), out of which 25 NAS species are most commonly identified from bovine milk in Canada, the phylogeny, distribution, virulence and antimicrobial resistance profiles of those 25 NAS species were described recently [2, [6] [7] [8] . Morphologically, the members of the genus Staphylococcus are Gram-positive cocci that occur singly, in pairs, short chains and irregular grape-like clusters [9] . Since its description, classification of the genus Staphylococcus has been under active revisions [10] [11] [12] . Many new Staphylococcus species have been described in the last decade [13] [14] [15] [16] . However, in the past, description of novel staphylococcal species was solely based upon morphological and biochemical characteristics [9, 17] . However, these methods do not always identify Staphylococcus species reliably [15, 18, 19] . Many new rules of genome-based classification and methods of identification have been published in the last decade [20] [21] [22] [23] [24] . With the advent of next-generation sequencing technologies, bacterial species are currently being recognized based on whole-genome sequences, augmented with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and phenotypic and chemotypic characterization [23] [24] [25] [26] . Two prokaryotic bacteria are typically regarded as different species if genomic DNA exhibits a DNA-DNA hybridization (DDH) value <70 % [27, 28] , with the DDH value reflecting relatedness or similarity between two genomes. However, after several studies proposed the replacement of DDH with pairwise genome-sequence derived similarity indices, the overall genome related index (OGRI) has become an alternative (to DDH) accepted standard for prokaryotic speciation [20, 23, 24] . Like DDH, OGRI can be used to check if a strain belongs to a known species by calculating the relatedness between genome sequences of novel strains and type strain of a species [24] . Recently, average nucleotide identity (ANI) and digital DDH (dDDH) have been most widely used for bacterial species demarcation [13, 26, [29] [30] [31] . The proposed and generally accepted species boundary for ANI and dDDH values are 95~96 and 70 %, respectively [24] .
Following recommended guidelines [17, 32] and the new rules of classification [20, 24] , herein we describe strain SDB 2975 T (=CECT 9737 T =DSM 105892 T ) as the type strain of the novel species Staphylococcus debuckii sp. nov. We also report the phenotypic and chemotypic characterization of S. debuckii, along with the whole-genome sequencing (WGS), genome annotation and characterization and phylogenetic characteristics. We also generated MALDI-TOF profiles to distinguish Staphylococcus debuckii from other closely related staphylococcal species.
ISOLATION AND HOME HABITAT

Strain SDB 2975
T was isolated from the milk of the right fore quarter of an eighth lactation cow at 35 days-in-milk housed in a tie-stall herd in Qu ebec, Canada. The cow produced on average 29 kg of milk per day on a preceding dairy herd improvement test. The herd average bulk tank somatic cell count was 253 000 cells ml
À1
. 
PHYLOGENY
Core genome (Fig. 1 ) and 16S rRNA gene (Fig. 2) trees of staphylococcal species showed that strain SDB 2975
T was most closely related to Staphylococcus condimenti (99.73 %), S. piscifermentans (99.66 %), S. carnosus (99.59 %) and S. simulans (98.03 %), with percentage similarity (16S rRNA gene) for each species shown in parentheses. However, apart from distinct branching of strain SDB 2975 T in the phylogenetic trees, the 16S rRNA gene sequences similarities were not distinct enough for determining the species. Traditionally, newly discovered bacterial strains in most cases have been defined as members of the same species if they share 97 % or greater 16S rRNA gene sequence similarity [23, 34, 35] . However, many studies have pointed out limitations in 16S rRNA gene-based classification of prokaryotes, and in many cases bacteria have been misclassified as members of incorrect taxonomic groups [36] [37] [38] [39] . The availability of the whole genomes has enabled resolving many incorrect taxonomical relationships [40, 41] . In order to compute the core genome phylogeny of Staphylococcus debuckii, complete genomes of S. carnosus LTH 3730 (CP016760.1), S. condimenti DSM 11674 T (NZ_CP015114), S. simulans FDAARGOS_124 (NZ_CP014016.1) and S. piscifermentans NCTC13836 (NZ_LT906447.1) were downloaded from the NCBI. Genome sequences of 25 other bovine NAS species were used from BioProject PRJNA342349 [7] . Core genome tree reconstruction was performed as described previously [7, 42] . Briefly, the core set of protein families (60 % sequence identify and 80 % sequence length), present in !90 % of the input genomes were identified by using the CD-HIT program [43, 44] . Protein families which contained potential paralogous sequences (duplicated sequence in same genome) were excluded from further analysis. Multiple sequence alignment (MSA) of each protein family was performed with the MAFFT 7 [45] algorithm. Aligned amino acid positions which contained gaps in more than 50 % of genomes were excluded from further analysis. Remaining amino acid positions were concatenated to create a combined dataset consisting of 889 core proteins. Poorly aligned regions from this concatenated alignment were removed using Gblocks 0.92 [46] . This combined dataset was further trimmed with TrimAl to contain 165 454 phylogenetically informative positions [47] . The maximumlikelihood (ML) tree based on this alignment was reconstructed using FastTree 2.1 [48] , using the Whelan and Goldman substitution model [49] . For the 16S rRNA gene tree the 16S rRNA gene sequence of strain SDB 2975 T was extracted from the complete genome using Barrnap version 0.8 [50] . The 16S rRNA gene sequences for other type strains of Staphylococcus species were downloaded from Ribosomal Database Project (RDP) release 11 [51] . MSA of 16S rRNA gene sequences was created using MUSCLE version 3.8.31 [52] . Poorly aligned regions in the beginning and end of the MSA were removed manually.
The resulting alignment, consisting of 1369 bp, was used to reconstruct an ML tree, with 100 bootstrap replicates, using the general time reversible model [53] in MEGA 6.0 [54] .
GENOMIC CHARACTERIZATION
The complete genome of strain SDB 2975 T was 2 691 850 bp long and had 340Â (average) depth of sequencing coverage (PacBio). The complete genome had 36.6 mol% G+C content and contained a total of 2678 genes, composed of 2535 CDS, 18 rRNA genes (six copies of each 5S rRNA, 16S
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DNA was extracted with the DNeasy Blood and Tissue Kit (Qiagen), following the recommended protocol for Grampositive bacteria, and DNA sequencing and assembly was performed as described previously [7] . For PacBio sequencing, high molecular weight DNA, in the recommended concentration (~5 ug), was extracted separately with phenol chloroform extraction after employing modifications specific to S. aureus genomic DNA extraction [55] . Quality and quantity of DNA was checked using a NanoVue plus spectrophotometer (GE Healthcare Life Sciences) and the Qubit 2.0 fluorometer (Invitrogen). Purified DNA was sent to the Genetic Resources Core Facility (GRCF) of John Hopkins School of Medicine, Baltimore, MD, USA, where sequencing was performed with the P6-C4 version 2 kit (Pacific Biosciences) on the PacBio RS II sequencing system. The genome assembly was performed with the PacBio HGAP3 SMRT analysis pipeline [56] . The assembled genome was polished with Unicycler-Polish pipeline, which utilizes Pilon [57] and ALE (github.com/sc932/ALE) for single nucleotides and InDels corrections. The polished genome was submitted to NCBI for gene predictions and annotations with the Prokaryotic Genome Annotation Pipeline (PGAP) [58] . The Completed PacBio genome (accession no. CP033460), raw PacBio reads (SRR8464298) and Illumina short reads (SRR8146325) were submitted to NCBI under bioproject PRJNA406952. The complete genome of strain SDB 2975 T was analysed on the RAST server version 2.0 [59] for G+C content and functional categorization of genes.
With the availability of cost-effective genome sequencing technologies, new standards and guidelines for the description of prokaryotic species have become available [20, 23, 24] . To comply with the new standards and guidelines, pairwise ANI (and OrthoANI) values between strain SDB 2975 T and S. piscifermentans NCTC 13836, S. carnosus LTH 3730, S. condimenti DSM 11674 T and S. simulans FDAAR-GOS_124 were calculated using the ANI calculator (from EzBiocloud.net) as described by [60] . In silico dDDH values were calculated with the Genome-to-Genome Distance Calculator (GGDC 2.0), using the recommended BLAST+ method [61] . The dDDH results were based on recommended formula 2 (identities/HSP length), which is independent of genome length and thus can serve as robust indicator for incomplete draft genomes. OrthoANI values between strain SDB 2975 T and S. piscifermentans, S. carnosus, S. condimenti and S. simulans were 94.5 84.03, 83.96 and 78.09 %, respectively (Fig. 3) , which were below the recommended cut-off (<95-96 % ANI) threshold for species delineation [24] . Similarly, in silico dDDH values (Fig. 3 ) between strain SDB 2975 T and S. piscifermentans, S. carnosus, S. condimenti and S. simulans were 58.02 % (with probability that two strains represent the same species: 46.25 %), 27.70 % (0.04 %), 27.70 % (0.04 %) and 22.00 % (0 %), respectively. According to Thompson et al. [62] , strains from the same species share 70 % or higher in silico dDDH values. The dDDH difference of strain SDB 2975
T from other closely related Staphylococcus species, consistent with their orthoANI an ANI values, confirm the designation of Staphylococcus debuckii SDB 2975
T as a distinct novel species.
To further characterize the genome of strain SDB 2975 T identification of virulence and antimicrobial resistant genes (ARGs) was performed [6, 8] T and Staphylococcus piscifermentans, Staphylococcus carnosus, Staphylococcus condimenti and Staphylococcus simulans. ANI values and the corresponding heatmap was generated with OrthoANI software. Whereas the dDDH values were obtained using the Genome-to-Genome Distance Calculator (GGDC 2.0), and the corresponding heatmap was generated manually in PowerPoint (Microsoft). The proposed and generally accepted species boundary for ANI and DDH values are 95~96 and 70 %, respectively.
Naushad et al., Int J Syst Evol Microbiol [8] and the ARG database [6] , using BLAST+ 2.5.0 [63] . Homology between query proteins sequences and BLAST hits was determined by calculating H (homology) scores [6, 64] . The H scores between protein sequences, labelled as Ha (where 'a' represents amino acid) were calculated using formula Ha=Qid x Lm/Lq [6, 8] , with Qid representing the identities between query sequence and identified protein sequence (ranging from 0 to 1), Lm representing the length (excluding gaps) of the matching sequence from the hit, whereas Lq denotes the length of the query sequence. A cut-off of 60 % sequence similarity and 60 % query length coverage was used for initial searches [6] . All genomic hits that met the minimal cut-off for each individual query were selected at this stage. A final BLAST hit table containing all possible hits for all query sequences from strain SDB 2975
T genomes was imported into R version 3.4.2 [65] . Hits from each query sequence were then arranged according to Ha score, using dplyr version 0.7.6 in R [66] . From this list, only the hits with highest Ha score (highest sequence similarity and query length coverage) were selected as potential virulence and ARG. The identification of known and new mutations in ARGs associated with AMR were identified as described [6] . The identification of bacteriocin clusters was performed as described [67] . The screening of AMR genes showed no ARGs detected in the SDB 2975 T complete genome (PacBio).
However, in antimicrobial susceptibility testing, strain SDB 2975 T appeared to be resistant to tetracycline. The MIC values observed were 0.12 µg ml À1 for ampicillin (0.12-8 µg ml À1 ), 4 µg ml À1 for chloramphenicol, 0.5 µg ml À1 for ceftiofur, 2 µg ml À1 for cephalotin, 1 µg ml À1 for ciprofloxacin, 0.5 µg ml À1 for clindamycin, 0.5 µg ml À1 for daptomycin, 0.25 µg ml À1 for erythromycin, 2 µg ml À1 for gentamicin, 0.25 µg ml À1 for levofloxacin, 2 µg ml À1 for linezolid, 0.25 µg ml À1 for moxifloxacin, 32 µg ml À1 for nitrofurantoin, 0.25 µg ml À1 for oxacillin +2 % NaCl, 0.06 µg ml À1 for penicillin, 1/2 µg ml À1 for the combination of penicillin and novobiocin, 0.5 µg ml À1 for pirlamycin, 0.5 µg ml À1 for the combination of quinupristin and dalfopristin, 0.5 µg ml À1 for rifampin, 32 µg ml À1 for sulphadimethoxine, !16 µg ml À1 for tetracycline, 0.12 µg ml À1 for tigecycline, 0.05/ 9.5 µg ml À1 for the combination of trimethoprim and sulfamethoxazole, and 0.5 µg ml À1 for vancomycin. According to CLSI breakpoints [68] , this isolate was considered resistant only to tetracycline. Previous studies showed that the tetracycline-resistance gene in staphylococcal species was mostly found on plasmids [69] . This was confirmed on screening of the Illumina sequenced genome of SDB 2975 T as it contained tetracycline resistance gene tet(k), which is possibly located on a plasmid. The likely explanation for tet(k) to be missing from the PacBio sequences is that for PacBio sequencing higher molecular DNA was isolated and plasmid DNA was likely eliminated during this procedure. In genome screening for bacteriocins, no clusters of bacteriocins were detected in strain SDB 2975
T . The identification of unique genes was carried out as described previously [70] . Briefly, BLASTn searches were T against the NCBI nr database. The ORFs for which no hits (default megablast alignment parameters with at least 50 % alignment length and at least 30 % sequence similarity) were found in the nr database were considered unique genes. Primers sets were designed against two different unique genes designated SDB242F/R (SDB2424F: TTGCGGA TTTATTGGACACA and SDB2424R: TACAAAACGGG-CAACATTGA) and SDB654F/R (SDB654F: GGGACGA-GAACGATATACCAC) and SDB654R: GGTGCTCG TCGATTTGAATTA) with Primer3 (using default settings). Specificity of the primers was tested against the sequenced SDB 2975 T strain and three other SDB strains (for which WGS was not performed). The crossreactivity of the primers was tested against DNA from 26 Staphylococcus species (Table S1 , available in the online version of this article). The DNA of these 26 staphylococcal species was extracted as described previously [7] . The PCR reactions were performed using the TopTaq DNA Polymerase kit (Qiagen). PCR reactions were performed in a total volume of 25 ul, containing 20 ng genomic DNA, 1Âfinal buffer concentration, Q buffer, coral red, 1.5 mM MgCl2, and 200 uM of each dNTP, 0.4 uM of each primer and 0.2 U Taq DNA polymerase. The PCR was performed in a programmable thermal cycler (Bio-Rad), starting with 3 min denaturation at 94 C, followed by 35 cycles at 94 C for 30 s, annealing at 58 C for 30 s, and extension at 72 C for 60 s, with the final extension step of 10 min at 72 C. PCR products were analysed by electrophoresis in 2 % (w/ v) agarose gel in 1ÂTris-EDTA buffer. The gels were visualized in a Bio-Rad gel documentation system. The unique gene primers SDB242F/R and SDB654F/R amplified fragments of the expected sizes, 347 bp and 346 bp, from all Staphylococcus debuckii strains, but not from 26 other staphylococcal species (Table S1) , including most closely related S. condimenti DSM 11674 T , S. piscifermentans DSM 7373 T , S. carnosus DSM 20501 T and S. simulans (CBMQRN 22205803 and 20309886) . These SDB-specific PCR assays provide useful tools for quick and accurate identification and detection of Staphylococcus debuckii, especially in those laboratory settings which do not have access/resources to WGS or MALDI-TOF technologies.
PHENOTYPIC AND CHEMOTAXONOMIC CHARACTERIZATION
Colony morphology of all Staphylococcus debuckii SDB strains was observed after 24 h growth on 5 % defibrinated sheep blood agar plates (BD Diagnostics). The growth and other physiological and biochemical characteristics of Staphylococcus debuckii were determined following recommended minimal standards for description of new staphylococcal species [17] . Colonies of all SDB strains were opaque, white, circular, slightly raised and convex with entire margins, and had smooth and shiny surfaces. The SDB 2975 T and SDB 3462 colonies were 1.5-2.0 mm in diameter, whereas SDB 5244 and 5264 showed slightly smaller diameter range (1.0-1.5 mm) for same age, same media lot and same culture conditions. All SDB strains were haemolytic, Gram-positive, non-spore-forming cocci, which occurred singly, in pairs and in small clusters. Cells were non-motile when observed with phase-contrast microscopy. All Staphylococcus debuckii strains were catalase-positive, coagulasenegative (after 1, 2, 4 and 24 h), oxidase-negative and did not produce DNase. Coagulase activity was not visible after 1, 2, 4 and 24 h. Staphylococcus debuckii strains were incapable of growth at 45 C and on 15 % sodium chloride agar, and sensitive to Novobiocin (1.6 µg ml
À1
). The growth of C, under different pH values (pH 6, 6.5, 7 and 8.5) and in different NaCl concentrations (0, 5, 7.5, 10 and 15 %). Oxidase activity was investigated using Oxidase Strips (Hardy Diagnostics). Catalase activity was determined by the slide catalase test using Catalase Test Reagent (PML Microbiologicals). DNase activity was tested on DNase test agar with Methyl Green (BD Difco). Phenotypic characteristics of the novel species were compared with those of S. condimenti DSM 11674 T , S. piscifermentans DSM 7373 T , S. carnosus DSM 20501 T and S. simulans (CBMQRN 22205803 and 20309886). These strains were all Gram-positive cocci, occurring in singles, pairs and clusters. All were catalase-positive, coagulase-negative and DNasenegative. S. piscifermentans and S. simulans were haemolytic on BAP after 24 h growth. Staphylococcus. condimenti and S. carnosus were non-haemolytic. S. simulans showed some growth at 45 C, while there was no growth observed for other strains at 45 C. All strains grew in 0, 5, 7.5 and 10 % NaCl concentrations, but none grew in 15 % NaCl concentration. The Staphylococcus debuckii strains had positive reactions (Table 1) (Table 1) . Differential characteristics of Staphylococcus debuckii from other closely related staphylococcal species S. condimenti, S. carnosus and S. simulans (CBMQRN 22205803) can be derived from Table 1 . The identification and differentiation of strain SDB 2975 T from closely related staphlococcal species was also achieved through MALDI-TOF MS analysis. The MALDI-TOF MS identification was performed using colony extraction and direct colony transfer methods. Samples were prepared using standard liquid phase formic acid extraction, as well direct colony smears. The custom main spectra profile (MSP), named Staphylococcus debuckii sp. nov SDB 2975 T , was created in BioTyper OC 3.1 (version 3.1, build 66) using the MSP Dendrogram Creation Standard Method (version 1.4) with default parameters. Classification results for both methods are interpreted by the manufacturer (MALDI BioTyper 3.1 User Manual, section 2.18.5), in part, using the following scoring parameters: values between 2.300-3.000 are considered secure genus and species identification, values between 2.000-2.299 are considered secure genus and probable species identification, values between 1.700-1.999 are probable genus identification and scores less than 1.699 are considered unreliable identifications. Custom Staphylococcus debuckii sp. nov. SDB 2975 T MSP self-classified correctly with a score of 3.000. MALDI-BioTyper (MBT 7311) database entries for S. piscifermentans strains DSM 7373 T (score 2.063) and 900400383 LBK1 (score 1.701) were second and third choices, respectively. S. condimenti DSM 11674 T (score 1.669) and S. carnosus ssp. utilis DSM 11677 (score 1.479) were fourth and fifth choices, respectively. All 24 colony extracted spectra utilized to create S. debuckii sp. Table 2 , top row). A dendrogram (Fig. 4) T occurred in all cases with 127 of 166 analytes showing scores>2.300 (secure genus and species identification) and the remainder scoring between 2.000 and 2.299 (secure genus and probable species identification) (data not shown). Typically, the second-choice classification was S. piscifermentans (165 of 166 analytes) and rarely S. condimenti (see Table 2 ). Despite the close taxonomic relationship between Staphylococcus debuckii strains and S. piscifermentans DSM 7373
T (see Fig. 4 ), creation of a custom S. debuckii sp. nov. strain SDB 2975
T MSP allows quick and reproducible resolution of these species.
PROPOSAL OF STAPHYLOCOCCUS DEBUCKII SP. NOV.
Staphylococcus debuckii SDB 2975
T represents the type strain of the novel species Staphylococcus debuckii within the genus Staphylococcus that can be distinguished from its nearest neighbours by genotypic ( Fig. 3 ; ANI value <95 %, and dDDH values<70 %) and phenotypic characteristics (Table 1 ; no acid production from lactose and no utilization of N-acetyl-glucosamine), by sequence-specific PCR (Table S1) , and by a distinct MALDI-TOF MS profile (Fig. 4) . The genotypic and phenotypic difference of Staphylococcus debuckii SDB 2975
T from other closely related Staphylococcus species confirm the designation of Staphylococcus debuckii SDB 2975 T as a distinct novel species.
DESCRIPTION OF STAPHYLOCOCCUS DEBUCKII SP. NOV.
Staphylococcus debuckii (de.buck'i.i. N.L. gen. n. debuckii of De Buck, named after prominent bovine bacteriologist Prof. Dr. Jeroen De Buck).
The description of the novel species is based on characteristics of four isolates originating from bovine milk. All strains are Gram-positive, appear as cocci mostly in pairs and small clusters. All strains are non-motile and non-spore-forming. After 24 h growth, colonies are 1.0-2.0 mm in diameter, smooth, shiny, circular and haemolytic. All strains are catalase-positive, coagulase-negative, oxidase-negative and do not produce DNase. All strains are incapable to growth at 45 C, sensitive to novobiocin (1.6 µg ml The type strain, SDB 2975 T (=CECT 9737 T =DSM 105892 T ), was isolated from the milk of the right fore quarter of an eighth lactation cow at 35 days-in-milk housed in a tie-stall herd in Qu ebec, Canada. The genome of the type strain is characterized by a size of 2 691 850 bp and the G+C content is 36.6 mol%.
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